We theoretically investigated a method to detect a single skyrmion in a magnetic tunneling junction (MTJ) geometry. Using the tunneling Hamiltonian approach, we calculated the tunneling magnetoresistance (TMR) ratio of the skyrmion-ferromagnet bilayer system. We show the TMR ratio is determined sorely by the spin profile of the skyrmion and geometrical factor of the device, if only the system is reasonably clean such that the spectral broadening is smaller than the exchange coupling between the local and the itinerant magnetic moment. The TMR ratio in that case can amount to 30% or higher when the diameter of the skyrmion is as large as the size of the device. Since this criterion is easily achievable in real systems, MTJ geometry can be a good candidate of the electrical detection of a single skyrmion i.e., the reading process of the information in the future skyrmionics memory devices.
We theoretically investigated a method to detect a single skyrmion in a magnetic tunneling junction (MTJ) geometry. Using the tunneling Hamiltonian approach, we calculated the tunneling magnetoresistance (TMR) ratio of the skyrmion-ferromagnet bilayer system. We show the TMR ratio is determined sorely by the spin profile of the skyrmion and geometrical factor of the device, if only the system is reasonably clean such that the spectral broadening is smaller than the exchange coupling between the local and the itinerant magnetic moment. The TMR ratio in that case can amount to 30% or higher when the diameter of the skyrmion is as large as the size of the device. Since this criterion is easily achievable in real systems, MTJ geometry can be a good candidate of the electrical detection of a single skyrmion i.e., the reading process of the information in the future skyrmionics memory devices.
Magnetic skyrmion, a swirling texture of spins in magnets, is topologically protected particle-like object [1, 2] . Magnetic skyrmions appear in broad range of condensed matter systems, for instance, chiral magnets such as B20 compounds [3, 4] , magnets with frustrated interactions [5] [6] [7] , and interfaces of magnetic hetero-junctions [8, 9] . Due to its dynamical properties under relatively weak charge current [10, 11] and the small size (3 ∼ 100 nm) [12] , applications to the low energy consumption memory devices are expected. Skyrmion racetrack memory [13] is one of the most appealing examples, where the ferromagnetic domain walls carrying memory bits in original concept of racetrack memory [14] are replaced by skyrmions.
For the implementation in devices, many efforts are made to create, delete, shift, and detect a single skyrmion. [13, 15] Skyrmions are created/deleted by applying charge current [16, 17] , local heating [18, 19] , tailoring the device edge structure [20] , and so on. Positional shift of skyrmions is realized by the current via the spin transfer torque quite effectively [10, 11] . On the other hand, the detection of a single skyrmion is much more difficult. The Lorentz transmission microscopy [4] , the spin-polarized [12] and the unpolarized scanning tunnel microscopy [21, 22] can be used, however, the experimental equipment is quite expensive and the fast dynamics of individual skyrmion cannot be observed. To overcome these obstacles, a purely electrical method is highly desired. The detection of the number of skyrmions in a nano size Hall-bar device have been demonstrated using the topological Hall effect arising from the emergent magnetic field generated by the non-coplanar spin texture of skyrmions [23] . More recently, even the position of the individual skyrmion is theoretically proposed to be detected in similar nano device structure [24] .
In this paper we show another electrical detection method of a single skyrmion using the tunneling magnetoresistance (TMR) in a magnetic tunneling junction (MTJ) geometry. Since a skyrmion has many flipped spins near its center, where the electron tunneling is disturbed, one can easily expect that a skyrmion can affect the tunneling conductance. As the MTJ setup is intensively investigated in the long history of spintronics research, its implementation into the conventional devices, as well as into the future racetrack type devices will be feasible. By systematic calculations based on a simple model, we show that the TMR ratio can be larger than 30% for very wide range of parameters when the size of the skyrmion is comparable to that of the device. This result will pave a new way for the reading method of the information in future skyrmionics memory devices.
We consider a two-dimensional bilayer system consists of a skyrmion layer and a fully polarized ferromagnetic layer. The total Hamiltonian is the sum of the intra-layer double exchange model with the nearest neighbor hopping and the interlayer tunneling Hamiltonian;
d † and c † are the creation operators for each layer. The spin profile for the ferromagnetic layer is fixed as n F i = (0, 0, 1) while that for the skyrmion layer is assumed as n sk i = (sin θ i cos φ i , sin θ i sin φ i , cos θ i ) with θ i = π(1 − r i /λ) for r i < λ and θ i = 0 for r i > λ and φ i = ϕ i . r i and ϕ i are the polar coordinate of two-dimensional plane and λ is the radius of the skyrmion. As for the tunneling Hamiltonian, we only consider the vertical hopping T ij = T δ ij and we have neglected the spin flip tunneling.
The tunneling current through the hetero-interface can be calculated by the standard perturbation theory with respect to the tunneling Hamiltonian [25] 
where −e is the electron charge, V is the voltage, f is the Fermi distribution function, T mn is the tunneling Hamiltonian in the eigen basis of the both layers, and we have set = 1.
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is the spectral function for ferromagnetic/skyrmion layer with ε F/Sk m being the m-th eigen energy ofĤ F/Sk and Σ is the spectral broadening which we is phenomenologically introduced to express both the elastic scattering by impurities and the inelastic scattering by electron-electron and electron-phonon scattering (at finite temperature). In this paper, we focus on the linearresponse regime and the zero temperature limit;
where µ is the chemical potential.
The TMR ratio is defined as
with R X = V /I X being resistances for parallel ferromagnetferromagnet (X=P) or skyrmion-ferromagnet (X=sk) configuration. In this formalism, the tunneling amplitude |T | does not affect the TMR ratio. TMR ratio in the anti-parallel configuration is usually estimated using spin polarization P or the spin-resolved density of states (DoS) D σ as [26] TMR ∼ 2P
This estimation is equivalent to the assumption I ∼ D ↑ D ↑ + D ↓ D ↓ which is obtained simply putting T mn = T in eq. (6) . One can easily generalize this estimation to the cases in the MTJ with inhomogeneous magnetic structure such as the skyrmion system by using the local density of states (LDoS) as
Another estimation, which is the simplest one neglecting the electronic structures, is the sum of the inner product of local magnetic moments;
2 . This estimation is just counting the effective number of passable sites where vertical pairs of local spins are parallel. In the following, we show that the faithfully calculated TMR ratio using eq. (6) reduces to the value of the final simplest estimation and clarify its conditions. In the calculations below, we set the size of the twodimensional layer as L 2 = 100 2 in the unit of the lattice constant and the radius of the skyrmion is λ = 50, the maximum size in the square-shaped device, until otherwise specified.
Figures 1(a) and (b) show the chemical potential dependence of the TMR ratios in the anti-parallel ferromagnetferromagnet and the skyrmion-ferromagnet bilayer system, respectively. Parameters are set as J = t, and Σ = 0.1t. The red line is calculated from eq. (6), and yellow, green, black lines are estimations from DoS, LDoS and the inner product of the local magnetic moments, respectively. The black line in Fig. 1 (a) cannot be seen since it is infinity. On the other hand, in the case of skyrmion-ferromagnet bilayer case in Fig. 1(b) , the inner-product describes well the obtained TMR ratio (red
TMR ratios for (a) the anti-parallel ferromagnetferromagnet, and (b) the skyrmion-ferromagnet bilayer system. Parameters are J = t, and Σ = 0.1t. Red line is the TMR ratio calculated using eq. (6) . Estimation of the TMR ratio from the density of states (yellow line), and the local density of states (thin green line) increases in the half-metallic (shaded) region. The black line in (a) cannot be seen since it is infinity. line). TMR ratio estimated from DoS (yellow line) coincide well with that from LDoS (green line), which indicates spatial inhomogeneity of the electronic structure does not affect the TMR ratio. This result is in sharp contrast with previous studies based on LDoS description of the tunneling conductance in skyrmionic systems [21, 22] . We will discuss on this difference later in detail. For −4t − J < µ < −4t + J, (shaded region in Fig. 1(b) ) the system is half-metallic i.e. DoS of minority spin vanishes. In this region, the estimation from DoS approaches the real value (red line), but suddenly decrease in the non half-metallic regime. Nevertheless, the real TMR ratio is not so sensitive on weather the system is half-metallic or not. This energy independence indicate the finite temperature effects shall be quite small. Hereafter we focus on the energy window −4t + J + 0.1t < µ < −4t + J + 0.5t, which is non half-metallic region for small J, and we will show averaged values of TMR ratio within this window. The standard deviation is not shown since it is so small that we cannot see, excepting the small Σ region where the discretized nature of energy levels appears due to the finite size effect as commented below. All the following results are qualitatively the same for the half-metallic regime.
Figure 2(a) shows the J dependence of the TMR ratio in the skyrmion-ferromagnet bilayer system. We can clearly see the relation TMR ∝ J 2 for small J region. This exponent is understood in terms of the perturbative calculation with respect to J as shown in the Supplementary Materials (S1). The TMR ratio converges for larger J to the value estimated from the inner product of the local magnetic moments (black line).
The Σ dependence is shown in Fig. 2(b) . For the clean system, due to the discreteness of the energy spectrum, the TMR ratio strongly depends on the chemical potential µ. In this case, we could not specify the exponent of the divergence of the TMR ratio in the limit of Σ → 0. However we can speculate the exponent of the divergence as TMR ∝ Σ −2 ∼ τ 2 with τ being the transport lifetime of the electron. Detailed discussion is given in the Supplementary Materials (S2). For the disordered case Σ J, the TMR ratio is proportional to Σ −4 ∼ τ 4 . In this region, even the half-metallic nature is dependence from eq. (6). Details are given in the Supplementary Materials (S3). For the intermediate region, the TMR ratio becomes the same value as that estimated from the inner product of the local magnetic moments (∼ 30% for λ = 50) and independent of Σ. This plateau region expands for larger J. In this regime, namely t Σ J, the spins of itinerant electrons are forced to align to the local magnetic moments. The transfer integrals therefore have to include the factor of the overlap of wave functions in the spin space; t ij = t → t i|j = te iaij cos θij 2 where a ij is the emergent gauge field which accounts for the emergent magnetic field arising from the non-coplanar spin texture, and θ ij is the angle between local magnetic moments n i and n j . The inter-layer tunneling amplitude is also modified as T ij = T δ ij → T δ ij e iai cos θi 2 . In this situation, the system is spin-less and parameter J does not enter into the Hamiltonian nor the eigenenergies explicitly. When the spectral broadening Σ is much larger than t in addition, the tunneling current in eq. (6) is reduced to I = 4e
2 . Since the prefactor cancels out, the TMR ratio becomes the same value as evaluated only from the local magnetic moments and independent of Σ. Physically, the electronic structure for each spin is smeared out due to the large Σ, but different spin states do not mix since Σ J. In such situation, the detailed electronic structures cannot play any roles but the spin polarization survives, therefore, the simplest estimation taking into account only the spin information, neglecting the electronic structure, gives us a good agreement.
In summary, the TMR ratio is larger than ∼ 30% if only Σ J and λ L/2 is satisfied. This criterion is simple and experimentally feasible, and we can conclude that our setup can be a good candidate for the skyrmion detection in MTJ devices.
One expects that the TMR ratio would decrease from 30% for smaller skyrmion. Fig. 3 shows the skyrmion radius λ dependence of the TMR ratio. If we adopt the simplest estimation from the inner product of the local magnetic moments, 
, is the radius of a magnetic bubble whose effective number of flipped spins is the same as that of the present skyrmion profile. As seen in Fig. 3 , the radius dependence of the TMR ratio is well reproduced by this simplest estimation for quite wide range of parameters even out of the plateau region in Fig. 2(b) . This result indicates that we have to fabricate the reading electrode of the MTJ devices as small as the diameter of the skyrmion to obtain the maximum value of TMR ratio.
The tunneling conductance in the skyrmionic systems are investigated in previous studies [21, 22] where LDoS is modulated due to the hybridization of the spin majority and the minority states at the center of a skyrmion. These studies bear in mind the detection of a skyrmion using STM or STS, therefore the setup is different. In the STM, the tip can probe the surface of a device in the atomic resolution, and the tunneling conductance is proportional to LDoS at the tip position. However, in our set up, since the detection electrode (ferromagnetic layer) has the finite size, the in-plane propagation of the wave function in the electrode has a vital role. In our calculation, the tunnel current is written in terms of the Green func-
If we take the trace in the real space, the tunneling Hamiltonian is nothing
If we neglect the in-plane propagation of electrons in the ferromagnetic layer and assume the homogeneity; G We have demonstrated that a single skyrmion can be electrically detected using the TMR in the MTJ geometry. If only the spectral broadening Σ is smaller than the exchange coupling J, the TMR ratio becomes larger than the value estimated sorely from the spin profile of the skyrmion. In the case of the maximum-size skyrmion in the square-shaped device, this value can amount to 30%. Since this criterion Σ J is easily accessible in real systems, our proposed setup can be a good candidate for the reading part of the future skyrmionics memory devices.
This 
S1. PERTURBATION WITH RESPECT TO J
In this section, we calculate the TMR ratio in the perturbative approach with respect to the exchange coupling J. We show TMR ∝ J 2 a shown in Fig.2(a) in the main text. In the absence of J, the system is nearest neighbor tight-binding model on the N × N square lattice, therefore eigen vectors and energies are
with the orthonormal condition;
As a perturbation, we consider the exchange coupling to the z component of the local spin moment n z (i) for simplicity
For the skyrmion layer, n sk z (i) = cos 2πi N +1 while that for the ferromagnetic layer is n F z (i) = 1. Hereafter we consider only the spin-up electron, where the result for the spin down electron is obtained by the substitution J → −J. In this case, the perturbation is just a local potential on the spin polarized electron. As the perturbation in the ferromagnetic layer is constant and diagonal, the effect of the perturbation is just a energy shift by −J. The matrix element of the perturbation in the skyrmion layer is
Note that the system is homogeneous in y direction therefore the wave function for the coordinate y is the unperturbed one. The Dyson equation for the Matsubara Green function up to the order of J 2 reads
where
is the non-perturbative Green function with energy ξ n = E
n − µ and the Matsubara frequency ω. For the first order in J,
while for the second order,
The tunnel current is written as
where G i is the perturbed Green function for i-th layer and Ω is the fermionic Matsubara frequency. By taking the trace using the unperturbed wave functions, the tunnel Hamiltonian and the ferromagnetic Hamiltonian is diagonal therefore, we obtain
Here we assumed the large system where we can neglect the difference between n and n ± 2 and moved on to the momentum representation. By the aid of the spectral representation;
the Matsubara summation for the zeroth order term is evaluated as
After the analytical continuation,
where we assumed the zero temperature and the linear response. D 0 is the density of states at the Fermi energy which is assumed to be constant. The second order one is calculated as
The tunnel current in the parallel ferromagnetic configuration is easily calculated as
The current for the spin down electron, which is obtained by the substitution J → −J, is the same as that for the spin up electron since all the currents are the even function of J Thus, the TMR ratio is
.
S2. TMR FOR ANTIPARALLEL CONFIGURATION
In this section, we analytically derive the TMR ratio in the antiparallel ferromagnetic bilayer system and show TMR ∝ Σ −2
in the clean limit. This is the indirect evidence that TMR ∝ Σ −2 holds even in the skyrmion-ferromagnet bilayer system. The tunneling current in the bilayer system is written as
where µ is the chemical potential, Σ is the spectral broadening, ε i m is the m-th eigen energy of the layer i, and T mn is the tunneling matrix element in the eigen basis which accounts for the spin-conserving vertical hopping in the real space. Hereafter, we assume the system is the homogeneous ferromagnet with translational invariance. In this condition, the tunneling matrix is |T mn | 2 → |T | 2 δ kk δ σσ . The expression for the tunneling current is
which shows the spin, the momentum, and the energy is preserved during the tunneling process if Σ goes zero. In the parallel configuration, the current I P is calculated using ε k , the energy without exchange coupling, we assume the parabollic dispersion with constant density of states D 0 . This assumption is justified if the distances between the chemical potential and the band bottom or the van Hove singularities are much larger than the spectral broadening Σ. In this situation, the integral over the energy can be extended from the band width to the infinity since the integrand decays suddenly for small Σ. The current in each configuration is written as
Note that the tunneling current in the antiparallel configuration vanishes in the clean limit since the spin, the momentum, and the energy are conserved values during the tunneling process. The TMR ratio is
which shows the TMR ratio diverges as T M R ∝ Σ −2 as Σ → 0.
For the general value of Σ, The integral is from −4t to 4t, therefore we obtain
TMR behaves as
(Large Σ)
Although this is the result for the antiparallel ferromagnet-ferromagnet system, it well captures limiting behaviors of the skyrmion-ferromagnetic bilayer system shown in the Fig.2(b) in the main text. We also have numerically confirmed that these behaviors do not change even if we take into account the realistic density of states of the square lattice, which contain the van Hove singularity at ε = 0.
S3. LARGE Σ REGION
In this section, we show TMR ∝ Σ −4 in the skyrmion-ferromagnet bilayer system for large Σ as depicted in the Fig.2 (b) in the main text. From the eq.(6) in the main text, the tunneling current for large Σ is expanded as
Here we have used n |T mn | 2 = m |T mn | 2 = 1. The TMR ratio is
sinceĤ sk andĤ F themselves are trace-less. That can be seen the hopping term is trace-less in the real space and the double exchange term is also in the spin space. We next separate the Hamiltonians into the hopping terms and the double exchange terms asĤ F =K +Ĵ F andĤ sk =K +Ĵ sk
The first term vanishes sinceK andĴ act on different space; Tr K ⊗Ĵ = TrK × TrĴ = 0. The second and the term cancel each other asĴ 2 = (−J σ · n) 2 = J 2 is independent of the spin configurations n. In summary, order of Σ −2 vanishes hence TMR ∝ Σ −4 .
